The aim of this study was to assess the effects of 2 different phytogenic products on performance, ileal nutrient digestibility, and composition of the intestinal microbiota. The 2 phytogenic products contained different essential oil mixtures (EOM) characterized by either menthol (Mentha arvensis; EOM-M) or cinnamon aldehyde (Cinnamomum aromaticum; EOM-C) as main constituents. Three treatments consisted of control diet without EOM addition and diets supplemented with EOM-M or EOM-C. Reproducibility of the effects was examined in 4 trials with a total of 300 male castrated and female piglets weaned at 25 d of age. The number of pens per treatment in trials I through III were 7, 9, and 9, respectively, for research station conditions, and 10 in trial IV for simulated farm conditions. In research station conditions, the experimental unit consisted of flat deck pens with 2 piglets per pen, whereas it consisted of floor pens with straw bedding with 5 piglets per pen in farm conditions.
INTRODUCTION
Many herbal products (herbs and essential oils) are currently used in the European Union and elsewhere by the feed industry as feed additives. These phytogenic substances are classified according to the European Council (European Parliament and Council, 2003) as sensory additives and are intended to increase feed aroma or palatability. However, several publications indicate that certain essential oils might have beneficial effects on animal performance and health status because of other properties besides their sensory characteristics. Such beneficial effects claimed are stimulation of digestive secretions; antimicrobial, coccidiostatic, anthelmintic, and anti-inflammatory activities; and antioxidant properties (Wenk, 2003a) .
In vitro, antimicrobial activities of essential oils have been reported frequently (Panizzi et al., 1993; Helander et al., 1998; Chao et al., 2000; Friedman et al., 2002) . In pigs, Manzanilla et al. (2004) also found effects of a phytogenic product containing carvacrol, cinnamon aldehyde, and capsicum oleoresin, where the ratio of intestinal lactobacilli to enterobacteria was increased. However, Muhl, and Liebert (2007a) did not observe modifications within 4 bacterial groups in weaned piglets fed diets containing a phytogenic product with carvacrol, thymol, and tannins. Platel and Srinivasan (2000) have observed that 7 spices stimulate pancreatic enzyme activity in rats, but no influence on pancreatic and duodenal activity of trypsin and amylase was observed in piglets (Muhl and Liebert, 2007b) .
These examples indicate the difficulty in assessing conclusively the effectiveness of phytogenic compounds used as feed additives with regard to intestinal functions and improved performance. The aim of the present work was to assess the effects of 2 different phytogenic products on performance and possible mechanisms responsible for these effects by conducting a series of feeding trials. In addition, ileal nutrient digestibility and gastrointestinal microbial composition were determined.
MATERIALS AND METHODS
The animal care and use protocol used in the present study was approved by the local animal welfare committee (State Office of Health and Social Affairs Berlin, Registration No. A 0298/97).
Trial Design
Four trials were conducted using 2 phytogenic products provided by a commercial company (Micro-Plus Konzentrate GmbH, Stadtoldendorf, Germany). The phytogenic products were based on defined essential oil mixtures (EOM) plus other defined plant extracts (Table 1). The EOM products were differentiated by the content of oils from Mentha arvensis [EOM-M; 27.8 g of anise (Pimpinella anisum) oil, 12.5 g of clove (Syzygium aromaticum) oil, and 46.0 g of peppermint (M. arvensis) oil/kg of additive; Digestarom 1322, MicroPlus Konzentrate GmbH] or Cinnamomum aromaticum [EOM-C; 4.44 g of anise oil, 1.30 g of clove oil, and 2.0 g of cinnamon oil/kg of additive; Digestarom 1324, Micro-Plus Konzentrate GmbH], respectively. All products were added in powder form at a dose of 300 mg/kg of feed. All trials were conducted during a 6-wk period after weaning (25 ± 1 until 66 ± 1 d of age).
The characteristics determined were growth performance and ileal digestibility under research station conditions (trials I through III) or growth performance under commercial farm conditions (trial IV). The purpose of the trial IV was to assess the validity of applying the results obtained under research station experimental conditions to farm conditions. Trials III and IV were conducted simultaneously using the same batch of feed and piglets from the same farm source. Additionally in trial II, the intestinal microbiota were characterized by real-time PCR. The number of animals and replicates of all trials are presented in Table 2 .
Animals and Housing
Weaned (25 ± 1 d of age) castrated male and female piglets (300 total for all trials) were used such that treatment groups were balanced for BW, litter of origin, and sex. For trials conducted at the research station conditions, pigs were placed in flat deck pens with 2 pigs per pen. For the trial under simulated farm conditions, pigs were placed in floor pens (5 piglets per pen) using straw as bedding material. The number of piglets and pens per treatment group in each trial is shown in Table 2 . The mean initial BW of the animals were 4.54, 4.87, 6.97, and 6.64 kg in trials I to IV, respectively. In all trials, feed was offered in automatic feeders ad libitum. Feeders were refilled with preweighed amounts when required. Feeders were constructed to permit collection of any wasted feed around feeders. Wasted feed was collected daily, and feed intake was calculated weekly based on cumulative feed wastage plus disappearance of feed from feeders. Drinking water was continuously supplied by drinking bowls. Daily light was given for 
Diets
A starter and a grower diet were fed during the first 2 wk after weaning and the subsequent period, respectively. All diets were formulated in according to the recommendations of the GfE (2006) . The composition and the analyzed nutrient content of the diets are shown in Table 3 .
The basal diet was either used as a control or supplemented with the phytogenic products. For all trials, the basal diet was mixed in 1 batch and was subsequently divided into 3 equal parts for the control diet without addition of EOM and the experimental diets with addition of 300 mg of EOM-M or EOM-C/kg of diet (as-fed basis). Diets were pelleted at a temperature of 50°C in the conditioner, which equaled a pelleting temperature of approximately 58°C in the die (3-mm). A representative feed sample from each diet was collected for the analysis of active ingredients to confirm the added quantities.
Growth Performance and Ileal Digestibility
Pig BW, feed disappearance, and feed wastage were determined weekly throughout the trials to permit calculation of ADG, G:F, and feed intake. All animals were checked daily for their health status (visual inspection and fecal consistency). Fecal consistency was subjectively scored as follows: 1 = normal, 2 = pasty, 3 = watery, and 4 = watery with color changes.
In trials II and III, 5 piglets from each treatment were selected at the end of the feeding period for measurement of apparent ileal digestibility of nutrients. These pigs remained in pens, and chromium oxide (5 g/kg) was added to feed as an indicator for digestibility measurement 10 d before euthanasia. Piglets were anesthetized [Ursotamin, 20 mg/kg (Serumwerk Bernburg AG, Bernburg, Germany) and Stresnil, 2 mg/kg (Janssen-Cilag GmbH, Neuss, Germany)] and then euthanized (T-61, 80 μL/kg; Intervet, Unterschleissheim, Germany) immediately before sampling. Samples were collected from the terminal ileum (segment between middle part of plica ileocecalis and 2 cm before the ostium ileale), frozen, and freeze-dried for the analysis.
Analysis
All diets were analyzed by proximate analysis, including starch, total sugars, calcium, phosphorus, and sodium, according to the Weende procedure using official methods (Naumann and Basler, 1997) . Amino acids in diets and in digesta samples were analyzed by ion-exchange chromatography (Biochrom 20 Plus, Amersham Pharmacia Biotech, Cambridge, UK) after acid hydrolysis (6 N HCl) without oxidation or with oxidation procedure for quantitative analysis of sulfur-containing AA. Chromium oxide in diets and ileum samples was determined by atomic absorption spectrometry (AAS vario 6, Analytik Jena AG, Jena, Germany) according to Fenton and Fenton (1979) after wet incineration of samples.
To confirm supplementation rate, the EOM were analyzed in the products and pelleted feed samples as trans-anethol (anise oil), eugenol (clove oil), menthol (peppermint oil), and cinnamon aldehyde (cinnamon oil) at the laboratory of the Institut für Getreideverarbeitung GmbH (Bergholz-Rehbrücke, Germany). The extraction procedure was adapted to the ISO methods 6571-1984. In brief, feed samples (30 g) were distilled in pentane for 3 h in a Likens-Nickerson apparatus. After vaporization of the solvent, an internal standard was Mean values for all trials; ME values were calculated. added and the extract was quantitatively taken up in isooctane. For quantitative analysis of EOM in the feed additive products and feed sample extracts components were separated by gas chromatography (HP 5890 II/ MSD, Hewlett Packard GmbH, Böblingen, Germany) using a DB Wax 60 m, 0.25-mm column, and helium as a carrier gas. Quantification was achieved by external calibration with the respective main components.
Microbiological Analysis
In trial II, digesta samples from the stomach, ileum, and colon ascendens were also analyzed for cell numbers of bacterial groups (i.e., Lactobacillus spp., Enterococcus spp., Clostridium coccoides and Clostridium leptum cluster, Escherichia spp., and Escherichia coli toxin estII) by real-time PCR assays (Stratagene MX3000p real-time cycler, Stratagene, Amsterdam, the Netherlands). Total nucleic acids were extracted according to the method described by Vahjen et al. (2007) . Briefly, 1 g of sample was sheared with a 4 M guanidine isothiocyanate-solution and glass beads in a bead beater. After phenol:chloroform extraction, nucleic acids were collected by isopropanol precipitation and purified with commercial spin columns (Machery-Nagel, Düren, Germany). Quantitative evaluation of cell numbers were carried out by calibration standards as described in detail by Metzler et al. (2009) . In short, autoclaved sow fecal samples were spiked with different bacterial species and known cell numbers (10 9 to 10 3 cells per gram of wet weight) as outlined by Vahjen et al. (2007) . After extraction and purification, these extracts were used as PCR calibration samples, and results were expressed as log 10 cells/g of fresh matter.
Statistical Analysis
After checking for normal distribution and homogeneity of variances, the collected data were analyzed separately for each trail by the 1-way ANOVA procedures (SPSS Inc., Chicago, IL) appropriate for a completely randomized design using the Tukey test. In addition, all data were combined and analyzed as a single ANOVA with treatment and trial (block) as sources of variation. Because microbiological data were not normally distributed, the nonparametric Kruskal-Wallis test was used. The significance level for all analyses was set at P ≤ 0.05. Within a row, means without a common superscript differ (P < 0.05). 1 Pens per treatment: trial I = 7, trial II = 9, trial III = 9, trial IV = 10, and trial I to IV = 35. 2 Control = basal diet; EOM-C = basal diet + EOM with cinnamon aldehyde as the principal component, 300 mg/kg; and EOM-M = basal diet + EOM with menthol as the principal component, 300 mg/kg.
3 One-way ANOVA among treatments. 4 Scoring: 1 = normal (DM >25%); 2 = pasty (DM 24 to 18%); 3 = liquid (DM <18%); and 4 = liquid (DM <18%) + color changes.
RESULTS

Performance Characteristics
All trials were conducted without any technical disturbance, and no veterinary intervention was required. The overall mortality rate was 3% and not related to the treatments. Table 4 presents the effects of the additives on growth performance and fecal consistency for the 6-wk postweaning period for all 4 trials. In trial I, no effects were observed on ADFI, ADG, and G:F of piglets receiving diets supplemented with EOM-C or EOM-M. Similarly, in trial II, no effect of EOM-C or EOM-M on ADG and ADFI was observed. However, G:F was improved in trial II such that G:F was greater (P < 0.05) for the EOM-M-supplemented diet compared with the nonsupplemented control.
Two further trials (trials III and IV) were carried out at the same time under research station-and farm conditions. Under research station conditions, no effect of either EOM product was observed. For trial IV (under farm conditions), ADG was not affected by the treatments. However, G:F was greatest in the EOM-M treatment group and different (P < 0.01) from the EOM-C group. In all trials, the fecal score of piglets was not influenced by the dietary treatments.
When all trials were examined, the EOM-M-supplemented diets demonstrated either statistically or numerically improved G:F. Because the trials were of identical design, data could be combined to establish an overall statistical effect. According to this combined analysis, the effect either EOM product on ADG and ADFI was not statistically significant, but in piglets receiving the EOM-M supplement, G:F was greater (P < 0.01) compared with the control piglets (0.66 vs. 0.64). For EOM-C piglets, G:F was intermediate.
Apparent Ileal Nutrient Digestibility
In trials II and III, the ileal digestibility of most AA was increased (P < 0.05) in EOM-M-treated piglets compared with those on the control treatment (Table  5) . Again, EOM-C supplementation rarely showed effects and resulted in intermediate values between the control group and EOM-M. The combined digestibility data showed an improvement with EOM, particularly in EOM-M piglets compared with the control piglets. This was significant for CP (P = 0.048) and all AA (see Table 5 ) except for Met. Additionally, for Cys, His, and Phe, the efficacy of EOM-M on improving AA digestibility was greater (P < 0.05) than that of EOM-C. 
Intestinal Microbiota
Intestinal bacterial cell numbers were only analyzed in trial II in 5 control animals and in 5 animals receiving EOM-M-supplemented diets. Real-time PCR quantification of 7 bacterial groups in contents of stomach, small intestine, and colon indicated only minor changes because of the feed additive (Table 6 ).
Analysis of Essential Oils
Based on the analysis for eugenol, trans-anethol, menthol, and cinnamon aldehyde in the EOM and pelleted feed, average recovery rates were 37.2, 47.9, 56.0, and 17.0%, respectively, for these essential oils in feed. The recovery of analyzed indicator substances in the ingested feed after pelleting for the EOM-M treatment were 4.00, 1.39, and 7.73 mg/kg of feed for trans-anethol, eugenol, and menthol, respectively. The EOM-C treatment yielded 0.64, 0.15, and 0.10 mg/kg for transanethol, eugenol, and cinnamon aldehyde, respectively.
DISCUSSION
The aim of this study was to assess the effects of essential-oil-based feed additives on performance, ileal digestibility, and microbiota composition in piglets. According to the current data, improvements in performance seemed to be mainly related to G:F. The effect on feed efficiency seemed to be based on improved apparent ileal digestibility of CP and AA, as respective improvements were found in the 2 trials in which nutrient digestibility was determined. These effects were more pronounced for the feed additive EOM-M. Interestingly, the effect of EOM-C addition was intermediate for all response variables between control and EOM-Mtreated piglets in both trials. According to combined data evaluation from trials II and III, the apparent ileal digestibility of CP was increased by 6.5% and that of the AA by 5 to 12% because of the EOM-M addition.
The mechanism behind these effects is not known. Although a stimulation of secretion of digestive juices is occasionally assumed as a response to essential oils (Wenk, 2003b) , one should take into consideration that the apparent ileal digestibility of protein and AA might be considerably influenced by contributions of endogenous origin (mucus, mucosal cells, and other secreted compounds) or by the microbial population. Using an isotopic dilution technique, Bartelt et al. (2002) estimated that, depending on the composition of the diet, 66 to 83% of N in the digesta of the terminal ileum in piglets was of endogenous origin. Nyachoti et al. (1997) reported that 60 to 78% of lysine in the distal ileum of piglets was of endogenous origin and the daily flow of endogenous lysine varied between 570 and 1,615 mg when different protein sources were fed.
The results of our trials revealed a greater impact of EOM-M compared with EOM-C on animal performance and apparent ileal protein and AA digestibility. Analyzed content of indicator substances was less for EOM-C compared with EOM-M. Thus, the concentration of essential oils was generally greater in the EOM-M-supplemented feed. Therefore, further studies are required to elucidate the importance of concentration and composition of the constituents.
Another important aspect using essential oils as feed additives is their stability during feed processing. In our study, a pelleting temperature of 58°C was applied. Under these conditions, the recovery of the indicator substances was between 17 and 56%. The low recovery of indicator substances may be related to greater volatility at increased temperature as well as to binding effects of the feed additives to the feed matrix. However, although considerable losses occurred during processing, the residual concentrations were still sufficient for in vivo effects. In conclusion, more attention has to be paid to improving the stability of essential oils during feed processing.
No effects of EOM-M were observed on the microbial population to explain the effects on the intestinal nutrient metabolism. The antibacterial activity of essential oils observed in vitro (e.g., Panizzi et al., 1993; Helander et al., 1998; Chao et al., 2000) was not appar- ent in vivo at the inclusion employed. This also seems unlikely because of the rapid and almost complete absorption of essential oils as shown for trans-anethole (Bounds and Cadwell, 1996) and for thymol (Kohlert et al., 2002) . More recent publications by Michiels et al. (2008 Michiels et al. ( , 2009 ) have shown that essential oils are mainly and almost completely absorbed in the stomach and the proximal small intestine of pigs. As a consequence, required concentrations of carvacrol, thymol, eugenol, and trans-cinnamon aldehyde to reduce total anaerobic bacteria cannot be reached in the intestinal content. Rapid absorption also limits possible direct effects on functions of epithelial tissues. Therefore, we assume that essential oils act mainly via a systemic route on secretory processes.
In conclusion, mixtures of essential oils differ considerably in their effects on growth performance and nutrient digestibility in piglets. Out of the 2 phytogenic feed additives based on defined EOM, one was identified to have a positive effect on G:F in piglets during the first 6 wk after weaning. Feeding trials under simulated research station or commercial farm conditions gave similar results. The observed beneficial effects cannot be explained by modifications in feed intake or the intestinal microbiota. This improvement seems to be based on greater ileal protein and AA digestibility.
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